Background {#Sec1}
==========

The underlying cause of the disease known as Myalgic Encephalomyelitis (ME) or Chronic Fatigue Syndrome (CFS) is unknown, although a number of abnormalities have been detected in individuals with the illness. A substantial proportion of patients report becoming chronically ill after a flu-like illness, but others report a gradual onset. One favored hypothesis is that different types of insult result in the same outcome. As well as profound fatigue and post-exertional malaise, other symptoms that are common to many ME/CFS patients are neurological (difficulty concentrating, light sensitivity, sleep disturbances), inflammatory (such as flu-like symptoms, swollen lymph nodes, muscle pain) and gastrointestinal, sometimes including irritable bowel syndrome \[[@CR1]--[@CR4]\].

Mitochondrial dysfunction has been implicated in ME/CFS in multiple studies. One group has published three studies concerning ME/CFS that report impaired mitochondrial activity in neutrophils through an indirect assay of oxidative phosphorylation utilizing ATP measurement \[[@CR5]\]. Interpretation of neutrophil studies is limited by the fact that they have fewer mitochondria than muscle cells or other types of blood cells. In contrast to the neutrophil analyses, two groups reported no detectable differences between the mitochondrial complex activities they assayed in peripheral blood mononuclear cells (PBMCs) of ME/CFS patients vs. controls \[[@CR6], [@CR7]\]. No ultrastructural abnormalities in mitochondria from CFS patients' muscle were observed when an electron microscopic study was performed \[[@CR8]\]. However, another group reported normal mitochondrial activity but decreased mitochondrial content in skeletal muscle of CFS patients \[[@CR7]\]. Furthermore, two studies observed lower coenzyme Q content in blood cells or plasma of CFS patients \[[@CR9], [@CR10]\].

The literature on cardiac and/or skeletal muscle bioenergetic function analyzed by magnetic resonance spectroscopy in ME/CFS is also discordant, with some reports of abnormalities in CFS patients, while other reports indicate normal function \[[@CR11]--[@CR15]\]. It might be that only a fraction of cases exhibits abnormalities, which can hence go undetected when sample size is small. Either mitochondrial defects or problems in blood flow in muscles could result in anomalous findings in spectroscopic studies.

Little information is available concerning the mitochondrial genomes of individuals with ME/CFS. Particular variations in human mitochondrial genomes have been associated with different phenotypes such as climatic adaptation, high altitude tolerance and obesity, or increases or decreases in susceptibility or severity of medical problems such as diabetes, sepsis, stroke, Alzheimer's and Parkinson's disease, and hypertension, among others \[[@CR16]\].

Human populations have inherited sets of polymorphisms representing different mitochondrial DNA (mtDNA) haplogroups. The effect of a nucleotide polymorphism may vary depending on the particular mitochondrial genome in which it arises. Haplogroup-level association testing is therefore valuable when analyzing the role of mtDNA polymorphisms in metabolic diseases. For example, such an approach was used to discover that mitochondrial haplogroup N9 confers resistance against type II diabetes in Asians \[[@CR17]\]. Using individuals with European haplotypes, a recent study assessed whether or not two single nucleotide polymorphisms (SNPs) in a patient cohort were associated with symptoms and reported an association of one SNP with pain, chronic fatigue, and abnormal gastrointestinal motility \[[@CR18]\]. Another study of mitochondrial genomes of 162 CFS cases carrying haplogroup H reported an association of disease status with a single SNP \[[@CR19]\].

No reports have examined the degree of heteroplasmy (presence of more than one type of mitochondrial genome) in ME/CFS patients vs. controls. Somatic mutations in mitochondrial genomes can occur and are known to accumulate or to increase in effect during aging \[[@CR16]\]. By obtaining the entire mitochondrial genome sequences from cells of ME/CFS patients and an age-matched cohort, it is possible to determine whether cases have accumulated more somatic mutations in mitochondrial DNA than expected. A recent examination of heteroplasmy in mitochondrial DNA from 1085 individuals found that 90 % carried at least one variant genome, and 20 % had sequence variants known to be pathogenic \[[@CR20]\]. The frequency of pathogenic genomes in an individual can be examined through sequencing mitochondrial DNA at high depth, thus determining whether a threshold has been reached where disease has become manifest.

Heteroplasmic pathogenic mutations can also be transmitted through the germline, leading to mitochondrial disease if the proportion of mutant genomes becomes sufficiently high to impair function. For example, the m.3243A\>G mutation can cause mitochondrial myopathy encephalopathy, lactic acidosis, and stroke (MELAS) when present at a frequency greater than 59 % \[[@CR21]\].

We undertook a study of the mitochondrial genomes in a cohort of gender-and age-matched ME/CFS patients and controls of predominantly European origin. We performed next-generation sequencing to characterize the mtDNAs in the subjects with regard to haplotype, SNPs, and heteroplasmy. We carried out association testing to find whether any SNPs were significantly associated with ME/CFS status or with particular symptoms and their severity in the patient cohort.

Methods {#Sec2}
=======

Experimental design {#Sec3}
-------------------

### Study population {#Sec4}

CFI subjects were recruited at five different sites within the United States; Miami, Salt Lake City, Boston, New York City, and Sierra, Nevada and informed consent was obtained as described in Klimas et al. \[[@CR22]\]. Cases were included in the study based on confirmed diagnosis by an expert clinician and based on either or both of the recognized ME/CFS case definitions, namely, the "1994 Fukuda criteria" and the "Canadian criteria". The cohort was deliberately oversampled for patients with acute onset of the illness in the past 3 years. Gender, ethnicity, age (within 5 years)-matched healthy controls were specifically recruited for this study and were only included if they were both physically and mentally healthy. Time of sampling was also matched within 12 weeks from the sampling of cases and controls. Within a week of the questionnaire completion, blood was drawn, at which time the subjects underwent a full physical exam as well as filling out additional questionnaires to assess the severity of the illness on the day of sampling. All samples were processed similarly. Of the 405 subjects who participated in the CFI project, we received DNA from 193 patients with ME/CFS and 196 age and gender-matched healthy individuals from the CFI Biobank at the Duke Human Vaccine Institute (DHVI). DNA was prepared at DHVI from whole blood collected in Paxgene tubes (Qiagen, Germantown, MD).

### Health questionnaires {#Sec5}

In addition to demographic information, the Medical Outcomes Survey Short Form-36 (SF-36) and DePaul Symptom Questionnaire (DSQ) were administered to both cases and controls by the CFI physicians \[[@CR22]\]. The SF-36 is a self-report general health survey of 36 items designed to compare the burden of disease on eight different aspects of well-being \[[@CR23]\]. The DSQ is a self-report survey of the frequency and severity of 54 symptoms specifically associated with CFS, and covers various case definitions including the Fukuda et al. CFS criteria \[[@CR24]\], Canadian Clinical criteria \[[@CR25]\], and ME International Consensus criteria \[[@CR26]\]. Only cases were surveyed by the DSQ. In the DSQ, frequency and severity of symptoms are scored from least to most on a scale from 0--4. An overall "distress" score is also calculated for each symptom on a scale from 0--16, by multiplying the frequency by severity scores \[[@CR2], [@CR27], [@CR28]\]. In the CFI study, distress scores for the 54 symptoms were grouped into 10 functional clusters, and average cluster scores were calculated for each case \[[@CR22]\].

### DNA preparation and sequencing {#Sec6}

Upon receipt from the Duke biobank, aliquots of the DNA samples were placed in 96-well plates before further processing. To avoid amplification of short nuclear mitochondrial copies, high-specificity long range PCR was performed, using NEB LongAmp^®^ Hot Start Taq DNA polymerase (New England Biolabs^®^, <http://www.neb.com>). The 50 uL PCR reaction consisted of the following mixture: 10 uL 5X LongAmp Taq Reaction Buffer, 1.5 uL of dNTPs (1 mM), 4 uL of each primer pairs (10 uM each, see below for details), 2 uL of template DNA, 2 uL of LongAmp Hot Start Taq DNA polymerase (2500 U/mL) and 30.5 uL of nuclease-free water. Amplification was performed with a thermocycler PTC-100 (MJ Research Inc., Waltham, MA, USA), starting with 30 s at 94 °C, followed by 30 cycles consisting of denaturation (20 s at 94 °C), annealing (1 min at 55 °C) and extension (10 min at 65 °C) and a final extension at 65 °C for 10 min.

The 16,569 bp mitochondrial genome was amplified using two primer pairs (F402: ATCTTTTGGCGGTATGCACTTT; R11428: GGCTTCGACATGGGCTTT and F8940: CCCCATACTAGTTATTATCGAAACC; R2818: GCCCCAACCGAAATTTTTAAT, from Lyons et al. \[[@CR29]\] leading to two PCR products of 11,026 bp and 10,447 bp respectively, overlapping by almost 2500 bp. The overlap was necessary to prevent loss of end sequence information due to the Mu technology used in the subsequent library preparation.

The success of the PCR amplification was confirmed by electrophoresis and 5 uL of post-PCR reaction product was treated to degrade unused primers and nucleotides using USB^®^ HT ExoSAP-IT^®^ High-Throughput PCR Product Cleanup (Affymetrix, <http://www.affymetrix.com>) according to the manufacturer's instructions.

The treated PCR products were diluted with 50 uL of nuclease-free water before Quant-IT™ PicoGreen^®^ dsDNA Assay Kit quantification (<http://www.lifetechnologies.com>) on a plate reader. The final mix of overlapping fragments was performed to obtain a final concentration of 0.2 ng/uL of each overlapping PCR product per sample before Illumina library preparation (<http://www.illumina.com>).

Library preparation was implemented by the Cornell Biotechnology Resource Center (BRC, <http://www.biotech.cornell.edu/biotechnology-resource-center-brc>) following the manufacturer's instructions for the Nextera^®^ XT DNA Sample Preparation Kit (96 samples, FC-131-1096, <http://www.illumina.com>) and the Nextera XT Index Kits V2 Set A, B, C and D (FC-131-2001, FC-131-2002, FC-131-2003 and FC-131-2004, respectively, <http://www.illumina.com>) to be able to multiplex 384 samples during the sequencing reaction. After quality control for library size and amplification using Cornell BRC's Fragment analyser, the Illumina MiSeq instrument generated paired-end reads (2 × 300 bp) with the MiSeq v3 kit. Three consecutive and identical runs were executed on the same library to increase coverage depth. Average mitochondrial DNA sequencing depth was 1497.3 ± 488.8 across patients and controls (Additional file [1](#MOESM1){ref-type="media"}: Figure S1).

Bioinformatics and statistical analysis {#Sec7}
---------------------------------------

### Read mapping {#Sec8}

Sequencing reads were mapped to the entire human reference genome (GRCh37) using the BWA-MEM alignment algorithm \[[@CR30]\]. A number of methods were applied to filter out variation due to sequencing artifacts and errors. After mapping, a custom bash function was used to remove reads with more than three mismatches compared to the mitochondrial DNA reference sequence; the revised Cambridge Reference Sequence (rCRS) \[[@CR31]\]. Duplicate reads were identified and removed using the Mark Duplicates function in the Picard tools suite. To avoid including reads sequenced from regions of the nuclear genome sharing high similarity with mitochondrial DNA (NUMTs), reads that did not map uniquely to the mitochondrial genome were discarded using SAMtools \[[@CR32], [@CR33]\]. SAMtools was also used to remove reads not mapping in a proper mate-pair to the mitochondrial genome using the command "samtools view --f 3 \[bam file\] chrM:1-16,569". Strand-specific sequence alignment files were used to generate corresponding forward and reverse-strand pileup files with the SAMtools "mpileup" function. While generating pileup files, reads and bases with a PHRED quality scores less than 30 (0.001 chance of sequencing error) were discarded from the dataset using the "--q 30" and "--Q 30" flags. Strand-specific pileup files were then used to identify mtDNA consensus sequences and heteroplasmies as described below.

### Consensus sequence identification {#Sec9}

In order to measure associations with mtDNA SNPs and haplogroups, mtDNA consensus sequences were identified for each individual. From the pileup files, the major allele at each mtDNA base-pair position was called as the allele in the consensus sequence. Positions which did not have at least 10× sequencing coverage on each strand were not included.

### Haplogroup classification {#Sec10}

Individuals were classified into mtDNA haplogroups using the online Haplogrep tool \[[@CR34]\] which infers mtDNA haplogroups based on the Phylotree database of observed human mtDNA variation \[[@CR35]\]. A custom python script was used to convert the consensus sequences into the HSD input file format used by Haplogrep. All positions where the consensus allele for an individual did not match the revised rCRS were included in the HSD file \[[@CR31]\]. In cases where the set of mtDNA mutations for an individual matched multiple haplogroups, the individual was assigned to the haplogroup with the highest overall Haplogrep ranking.

### Haplogroup associations {#Sec11}

Individual clinical phenotypes were measured using regression models in PLINK \[[@CR36]\]. Only the five haplogroups that reached a minimum 5 % frequency threshold within our study population were tested for associations. In the PLINK regression analysis, each haplogroup was represented as a separate binary covariate where a value of one indicated that the given individual belonged to that haplogroup and a value of zero indicated they did not. For phenotypes that had more than two values, a linear regression was applied, while a logistic regression was applied to those with only two. A dummy SNP was included in order to perform the PLINK analysis, but had no effect on the significance values of each haplogroup-phenotype association. Multiple-test correction was applied to results using the Benjamini-Hochberg approach to calculate *q* values and significance of associations was determined using a 5 % FDR \[[@CR37]\]. *P* values were sorted in ascending order and each divided by its percentile rank to obtain an estimated FDR.

### Single-Marker analysis {#Sec12}

Single-marker association testing was used to measure the association between SNPs and ME/CFS case/control status, as well as all symptoms surveyed in the SF-36 and DSQ as well as symptom clusters. Association testing was performed using the PLINK whole genome analysis \[[@CR36]\]. Allele information at each position was obtained from the consensus sequence described previously. Before testing, mtDNA SNPs were filtered based on missingness, if data were missing from more than 10 % of individuals (the "---geno 0.1"), and allele frequency, excluding SNPs with frequency less than 5 % were ("---maf 0.05"). The sex, collection site, and age of each individual were included as covariates in the analyses. Sex was included using the "---sex" flag. In a separate covariate file, each collection site was assigned a binary variable indicating whether an individual's information had been collected at that site. Age was included as a single variable in the covariate file. A logistic regression model (--logistic) was used to measure associations between mtDNA SNPs and the binary case--control status, while a linear model (--linear) was used to measure associations with quantitative SF-36 and DSQ symptoms. False Discovery Rate (FDR) was used, following the method of Benjamini and Hochberg \[[@CR37]\] to correct for multiple testing by using the "---adjust" flag.

### Heteroplasmy calling {#Sec13}

Mitochondrial heteroplasmies can be present at very low frequencies where they are difficult to distinguish from sequencing error. A multi-step approach, based on previous studies with experimental and simulated data, was used to improve the chance of identifying true heteroplasmies. After read-mapping and quality control steps were applied to the data, as described in the "Read Mapping" section, data in the strand-specific pileup files was used to detect heteroplasmies. Minor alleles had to be present at a frequency of 1 % on both sequencing strands, and only mtDNA positions with at least 500× coverage on each strand were included. After using SAMtools to generate strand-specific pileup files, a custom Python script was used to collect and parse coverage and allele data. Double-strand validation was also used to check that the heteroplasmic alleles were present on both DNA strands at a frequency of at least 1 % \[[@CR20], [@CR38]\].

Results {#Sec14}
=======

All subjects came from a large study supported by the Chronic Fatigue Initiative (CFI) \[[@CR22], [@CR39]\]. The subjects were diagnosed by physicians expert in ME/CFS and met either the Fukuda criteria \[[@CR24]\] and/or the canadian consensus criteria \[[@CR25]\] for diagnosis. Characteristics of subjects are shown in Table [1](#Tab1){ref-type="table"}.Table 1Clinical characteristics of subjects surveyedAgeHealthy controlsPatientsNumberProportion femalesNumberProportion femalesAcute onsetDuration of illness (\>3 years)21--30250.6230.5714 (61 %)11 (48 %)31--40220.48200.6514 (70 %)15 (75 %)41--50340.71400.7532 (80 %)27 (68 %)51--60710.76590.6351 (86 %)45 (76 %)61--75440.7510.843 (84 %)47 (92 %)

Causal mitochondrial disease variants {#Sec15}
-------------------------------------

On average, there were 23.2 ± 11.3 SNPs in cases and 25.8 ± 12.4 in controls relative to the Cambridge reference sequence \[[@CR31]\]. Polymorphisms observed in the consensus sequences of all individuals were cross-referenced with the MITOMAP database (<http://www.mitomap.org/MITOMAP>) of reported disease-associated mutations to determine whether any individuals harbored disease-causing mtDNA SNPs. Only one known mitochondrial-disease causing substitution was observed among the cases and controls. A T14484C substitution was found in a healthy control and is observed in individuals who develop Leber's hereditary optic neuropathy (LHON) \[[@CR40]\]. No other known disease-causing mtDNA variants were observed.

Rare variant association analysis {#Sec16}
---------------------------------

In order to assess the effect of whole-mtDNA variation including common and rare variants, we compared the cumulative pathogenicity between controls and ME/CFS individuals. For each mtDNA variant in an individual, a raw combined annotation dependent depletion (CADD) pathogenicity score was obtained from the freely available CADD database (<http://cadd.gs.washington.edu>) \[[@CR41]\]. An average CADD score was calculated for each individual by dividing the individual's cumulative CADD score by the number of their variant sites. The distribution of average CADD scores was compared between cases and controls using the Kolmogorov--Smirnov test as implemented in R. There was no significant difference in the distribution of average CADD scores between cases and controls.

Analysis of haplogroup with disease status {#Sec17}
------------------------------------------

The vast majority of the individuals in the study (90.1 %) carried mtDNA haplogroups common to lineages of European descent, as expected because the cohort was \>96 % white \[[@CR22]\]. The most heavily represented haplogroups were H (39.1 %), U (15.4 %), T (10.6 %), K (9.1 %) and J (5.6 %). The remainder of the haplogroups represent lineages that spread through Asia and to the Americas (5.5 %) and those that are common to Africa (4.3 %).

The Fisher's Exact Test was applied to compare the distributions of the haplogroups and showed no significant difference between cases and controls (Table [2](#Tab2){ref-type="table"}). Additionally, we administered separate tests to each individual major haplogroup category. This revealed a nominally significant enrichment of haplogroup T (HgT) in controls versus cases that could suggest a potentially protective effect of HgT against CFS. However, the q-value (Benjamini and Hochberg corrected *p* value = 0.60) was not significant at a 5 % false discovery rate (FDR).Table 2Analysis of associations between CFS risk and mtDNA major haplogroupsHaplogroupCaseControl*p* value*q* value\*Odds ratio95 % CIA240.690.980.500.05 \< OR \< 3.56B221.0011.020.07 \< OR \< 14.14C030.250.98----D011.001----F011.001----G011.001----H81700.210.981.300.85 \< OR \< 2.00I470.540.980.570.12 \< OR \< 2.29J12100.670.981.230.47 \< OR \< 3.27K20150.380.981.390.65 \< OR \< 3.03L6110.320.980.540.16 \< OR \< 1.63M210.620.982.040.11 \< OR \< 120.99N210.620.982.040.11 \< OR \< 120.99R100.500.98----T14280.030.60.470.22 \< OR \< 0.96U28310.7810.900.50 \< OR \< 1.63V630.330.982.060.43 \< OR \< 12.92W221.0011.020.07 \< OR \< 14.14X420.450.982.050.29 \< OR \< 22.90HV730.220.982.420.54 \< OR \< 14.69\**q* values were calculated using the Benjamini--Hochberg method for correcting for multiple testing of haplogroups

We also analyzed haplogroup distributions separately in males and females to account for sex-specific effects. We observed a nominally-significant enrichment of HgT among controls in females as above (Additional file [2](#MOESM2){ref-type="media"}: Table S1), but did not see any associations in males (Additional file [3](#MOESM3){ref-type="media"}: Table S2).

Analysis of haplogroup with symptoms {#Sec18}
------------------------------------

After observing no major association with disease, haplogroup association testing was then applied to 270 different symptom scores collected from the SF-36 and DSQ surveys. Because many of the symptoms are related or dependent on each other, we did not apply multiple-test correction over the combined body of association tests. Only European haplogroups were present at a high enough frequency to be included in this analysis and HgJ, HgU, and HgH all had significant associations using a 5 % FDR. Performing individual association-testing and Benjamani-Hochberg *p* value correction for the sampling of 70 SNPs, we found six significant associations between mitochondrial haplogroups and clinical phenotypes assessed by the DePaul Questionnaire (Table [3](#Tab3){ref-type="table"}) \[[@CR23]\]. All of the significant associations were with symptoms related to joint pain, bloating, or "feeling dead" after exercise. Haplogroup J showed a protective effect against all metrics of joint pain and individuals belonging to haplogroup U reported less severe bloating and had lower bloating distress scores compared to other haplogroups. On the other hand, ME/CFS individuals with haplogroup H tended to be more susceptible to "feeling dead" after exercise than other haplogroups.Table 3Analysis of associations between ME/CFS symptoms and mtDNA haplogroupsHaplogroupPhenotypeHaplogroup averageNon haplogroup average*p* value*q* value\*HgJJoint pain, frequency1.082.170.008350.04177HgJJoint pain, severity1.001.960.004600.02300HgJJoint pain, distress2.335.830.008280.04144HgUBloating, severity0.821.430.009960.04982HgUBloating, distress1.503.660.009250.04626HgH\"Feeling dead\" after exercise, frequency3.012.660.007790.03895Haplogroup average describes the average phenotype value of all individuals within the given haplogroup\**q* values were calculated using the Benjamini--Hochberg method for correcting for multiple testing of haplogroups. A higher phenotype value indicates higher frequency/severity. All significant phenotypes listed here were assessed using the DSQ and only include ME/CFS individuals

Single-marker association analysis with disease {#Sec19}
-----------------------------------------------

The majority of variable mtDNA sites (SNPs) in our dataset were singletons with only one individual carrying the variant alleles (Additional file [4](#MOESM4){ref-type="media"}: Figure S2), which were excluded from the association analysis. Seventy mtDNA SNPs met our minimum minor allele frequency threshold of 5 %, and were included in association tests with demographic and symptomatic variables associated with ME/CFS.

Single marker association testing was applied to measure SNP associations with the condition of individuals as either healthy controls or ME/CFS patients. Of the 70 SNPs, 10 reached nominal significance using an alpha threshold of 0.05, but none were significant with multiple test correction at a 5 % FDR (Additional file [5](#MOESM5){ref-type="media"}: Table S3). Within ME/CFS cases, we also measured SNP associations with acute or gradual onset of the disease and found no significant associations (Additional file [6](#MOESM6){ref-type="media"}: Table S4). In an effort to account for mtDNA genetic background and more accurately measure individual SNP effects, SNP associations were measured within the sub-group of individuals belonging to haplogroup H (HgH). Ideally, SNP associations would be measured within all haplogroups; however, given our sample size, HgH was the only haplogroup where analysis of association was feasible. Of the 151 HgH individuals in the study population for whom clinical data was available, none of the 18 SNPs meeting the 5 % frequency threshold had significant association with ME/CFS vs. healthy status.

The prevalence of CFS and fatigue-related syndromes has been observed to be higher in females than males. Additionally, because of the maternal inheritance pattern of mtDNA, mitochondrial variants are under sex-specific selective pressure that can lead to different fitness effects in males and females. To address possible sex differences, independent sex-stratified SNP association testing was performed, but revealed no associations (Additional file [7](#MOESM7){ref-type="media"}: Table S5 and Additional file [8](#MOESM8){ref-type="media"}: Table S6).

Single-marker association analysis with symptoms {#Sec20}
------------------------------------------------

Single-marker association testing was then applied to symptom scores as done above for the haplogroup association analysis. We found eight mtDNA SNPs to be associated with 16 symptom categories at a 5 % FDR (Table [4](#Tab4){ref-type="table"}). The significant SNPs were at mtDNA positions 150, 930, 1719, 3010, 5147, 16093, 16223, and 16519. SNPs 930 and 5147 shared a single association while 3010, 16093, and 16223 were each associated with two different symptoms. Five symptoms were associated with 16519, 150 was associated with four, and 1719 was associated with seven. Examination of quantile--quantile plots (QQ-plots) generated for each of the 21 significantly associated symptoms indicated that most did not exhibit any inflation of *p* values (Additional file [9](#MOESM9){ref-type="media"}: Figure S3).Table 4Analysis of associations between ME/CFS symptoms and mtDNA SNPsNucleotide positionSymptomatic allele*p* value*q* value\*SymptomTypeSurvey150T0.0001960.01373Accomplished less emotional--SF-36150T0.0003080.02156Emotional limitations--SF-36150T8.94E-050.005944Less time for work--SF-36150T0.000480.03358Didn't work as carefully--SF-36930G9.71E-050.006795Difficulty performing work--SF-361719A3.80E-060.0002661Inflammatory distressClusterDePaul1719A4.17E-050.002919Flu-like symptomsDistressDePaul1719A6.09E-050.004262Chemical sensitivityDistressDePaul1719A6.54E-050.00458Neuro inflammatory distressClusterDePaul1719A0.0001610.01129Sensitivity to bright lightsDistressDePaul1719A0.0002950.02068Chemical sensitivitySeverityDePaul1719A0.0003010.02108Sensitivity to bright lightsFrequencyDePaul3010A0.0001730.01208Sleep in day, awake all nightFrequencyDePaul3010A0.0002260.01582Sleep in day, awake all nightDistressDePaul5147G0.0011750.04114Difficulty performing work--SF-3616093T0.0002060.0144Accomplished less physical--SF-3616093T0.0002890.02022Physical limitations--SF-3616223T0.000760.0266Sensitivity to bright lightsFrequencyDePaul16223T0.0008850.03098Neuro inflammatory distressClusterDePaul16519C0.0001250.008729Gastrointestinal distressClusterDePaul16519C0.0001350.009423BloatingSeverityDePaul16519C0.0001490.01043Abdomen/stomach painSeverityDePaul16519C0.0001820.01274BloatingFrequencyDePaul16519C0.0003550.02482BloatingDistressDePaul\**q* values were calculated by the Benjamini--Hochberg correction applied to the number of SNPs included in the association test for each symptomChemical sensitivity refers to "Some smells, foods, medications, or chemicals make you feel sick". The neuro inflammatory distress cluster combines "sensitivity to bright lights" and "sensitivity to noise." The inflammatory distress cluster combines these symptoms: sore throat, tender/sore lymph nodes, fever, flu-like symptoms, and chemical sensitivity. The gastrointestinal distress cluster combines bloating, abdomen/stomach pain, irritable bowel, and nausea. Subjects indicated whether they accomplished less due to emotional factors or because of physical limitations

Allele 150T was associated with lower health scores in regards to emotional limitations, work ability, and accomplishments when surveyed across the ME/CFS patients using the SF-36 questionnaire. Both alleles 930G and 5147G were associated with greater difficulty performing work. The 1719A allele was associated with higher symptom scores in seven categories, all related to inflammation and neuroinflammation, as surveyed in ME/CFS patients using the DSQ. The two significant associations of 16223T with neuroinflammatory distress and frequency of sensitivity to bright lights overlapped with the same symptoms being associated with 1719A. Patients with 3010A suffered from higher frequency of and distress symptoms related to sleep disorder. Physical activities were more limited in patients with 16093T. The presence of 16519C was associated with more severe symptoms relating to gastrointestinal issues such as bloating and abdominal pain. Of the 24 total associations, there were four associations with cumulative distress clusters that had been calculated by grouping scores of functionally related DSQ symptoms \[[@CR22]\] (Fig. [1](#Fig1){ref-type="fig"} and Additional file [11](#MOESM11){ref-type="media"}: Figure S5).Fig. 1*Box plots* of SF-36 or DSQ symptom scores associated with mtDNA alleles. The *x-axis* shows mtDNA position and alleles while the *y-axis* shows symptom scores and is labelled with descriptions. *Scatter plots* of the six other significant associations can be found in Additional file [11](#MOESM11){ref-type="media"}: Figure S5. Some symptom descriptions were shortened for this figure (*less accomplishment*: accomplished less than you would like; *chemical sensitivity*: some smells, foods, medications, or chemicals induce sickness; *light sensitivity*: sensitivity to bright lights; *abdominal pain*: abdomen/stomach pain; *sleep disorder*: sleep all day and stay awake all night)

Heteroplasmy analysis {#Sec21}
---------------------

A mitochondrial heteroplasmy occurs when an individual carries copies of mtDNA with different alleles. Heteroplasmies can occur through somatic mutation or maternal inheritance and can be present at very low frequencies within the mtDNA population or at high frequencies. Mitochondria are thought to undergo a germline bottleneck that reduces the frequency of heteroplasmies transmitted from mother to child. However, if heteroplasmies reach a critical frequency within a tissue or individual, they can potentially have pathogenic effects. The accumulation of heteroplasmies during aging may also contribute to the variable age of onset observed in various energetic diseases.

To investigate the role of heteroplasmy in CFS, we applied high coverage sequencing to identify and analyze heteroplasmies present in CFS patients. An average of 1.42 heteroplasmies per individual was observed in cases compared to only 1.28 in controls (Fig. [2](#Fig2){ref-type="fig"}). However, to account for the fact that the number of sites that met our criteria for calling heteroplasmies varied between samples, we calculated the number of heteroplasmies per usable site per individual (HPUI) and used that as metric for comparison. The Wilcoxon rank sum test with continuity correction was used to compare HPUI between cases and controls and showed no significant difference (*p* value = 0.93). The same test was used to compare the distribution of HPUI between patients who experienced acute onset of ME/CFS versus those who experienced onset, and no significant difference was observed (*p* value = 0.30, Additional file [10](#MOESM10){ref-type="media"}: Figure S4). Since cytokine profiles of ME/CFS patients have been observed to differ with the duration of the disease \[[@CR39]\], HPUI was also compared between individuals who had experienced ME/CFS for 3 years or less and those who had endured it for more than 3 years. Again, the Wilcoxon rank sum test showed no significant difference in HPUI between groups (*p* value = 0.84, Additional file [12](#MOESM12){ref-type="media"}: Figure S6).Fig. 2Heteroplasmy frequency spectrum within cohort. Heteroplasmy count (*x-axis*) refers to the number of heteroplasmies present in an individual. Frequency (*y-axis*) refers to the proportion of individuals with the given number of heteroplasmies in each case or control population

Comparison of the frequency of heteroplasmic alleles revealed very few heteroplasmies occurred in either cases or controls. Of the 406 different heteroplasmies observed between cases and controls, the average heteroplasmy was present in only 1.23 ± 0.85 individuals and 353 heteroplasmies were only found in single individuals (Fig. [3](#Fig3){ref-type="fig"}). The most common heteroplasmy was present in seven individuals.Fig. 3*Solarplot* representing the location and frequency of heteroplasmies in the CFI cohort. The *innermost ring* represents the mtDNA sequence and each *color* coding corresponds to a different functional region. Each *dot* outside of the *centermost ring* represents a position where there is a heteroplasmy. The distance of the *dot* from the *innermost ring* indicates how many people in the dataset carry that heteroplasmy

Discussion {#Sec22}
==========

Our sequencing of the entire mitochondrial genome of patients revealed that no subjects who were included in this cohort have genetic mitochondrial disease due to known mtDNA mutations that was mis-identified as ME/CFS. Therefore, the expert physicians who selected the cases for inclusion did not erroneously include any individuals with a known mitochondrial disease.

Our study examined associations between mtDNA variation and demographic variables such as ME/CFS status, acute onset, and illness duration. We found a correlation between haplogroup and some symptoms related to joint pain, bloating and dead/heavy feeling after exercise. Most studies of mitochondrial DNA and disease pertain to the increased or decreased susceptibility to the disease depending on haplogroup or variant \[[@CR42]\], rather than differences in type of symptoms or their severity. However, there are some diseases in which a haplogroup has been associated not with the chance of acquiring a disease, but instead the outcome once someone has been diagnosed. For example, haplogroup affects survival of severe sepsis \[[@CR43]\] and progression of AIDS \[[@CR44]\].

Measuring mtDNA SNP associations with ME/CFS case--control status did not reveal any associations significant at a 5 % FDR, though 10 SNPs reached nominal significance. Examination of these 10 SNPs revealed nine of them to be marker polymorphisms for HgT, and the tenth to be a marker for five other recognized sub-haplogroups within T. The finding is likely due to the fact that haplogroup association analysis found that more controls than ME/CFS subjects carried HgT in our cohort. A larger cohort will be needed to determine whether this haplotype is somewhat protective against ME/CFS. With regard to HgT, a molecular analysis of cybrid cells with identical nuclear backgrounds and different mtDNA populations indicated that HgT cybrids had a higher survival rate and were more tolerant of oxidative stress when compared to the more common European haplogroup H \[[@CR45]\].

One previous study examined mitochondrial DNA SNPs at 3010 and 16519 in 162 CFS patients vs. controls. Boles et al. \[[@CR18]\] found an enrichment of 16519T in CFS cases. However, in our study, we did not observe a significant association of 16519T or any other polymorphism to CFS vs. control status. Instead, among individuals with ME/CFS, we observed a significant association of 16519C with gastrointestinal symptoms. Furthermore, the alleles we found to be associated with more severe ME/CFS symptoms were 16519C and 3010A.

The variation in symptom constellation that occurs in ME/CFS could be due to genetic variation in individuals, rather than differences in underlying cause of the disease. Measurement of associations between haplogroups or mtDNA SNPs and symptom scores of ME/CFS patients collected through SF-36 and DSQ surveys revealed 24 significant associations at a 5 % FDR. Although we undertook this study because some of the major symptoms of ME/CFS could theoretically be due to mitochondrial dysfunction, we detected no mitochondrial DNA SNP associations with the major symptom clusters fatigue/post-exertional malaise, cognitive difficulties, autonomic dysfunction, endocrine abnormalities, and pain. Instead, we observed associations with neurological, inflammatory, and gastrointestinal symptoms and/or their severity, as well as correlations with the patients' abilities to do work. It will be important to utilize a completely independent cohort to determine whether the correlations we have detected can be replicated.

Our study provides hints that at least some of the apparent sub-types in ME/CFS could be due to differences between DNA sequences in the patients, even though we have no evidence that particular mitochondrial genomes lead to increased susceptibility to the disease itself. Although a sample size of 389 is quite large in comparison to most ME/CFS studies, further analysis of the mitochondrial and nuclear genomes in a much larger population of patients will be needed to discover how genetic variation affects illness severity, progression, and symptom clusters.

Conclusions {#Sec23}
===========

We did not observe a significant association of mitochondrial DNA genome variation with either susceptibility or resistance to ME/CFS. We did not detect any significant difference in level of heteroplasmy between cases and controls. Using a cohort of 193 ME/CFS cases and 196 controls, at 5 % FDR we observed eight mtDNA SNPs to be associated with 16 symptom categories and three haplogroups associated with six symptom categories, suggesting that the mitochondrial genome of an individual with ME/CFS can affect the type and severity of particular symptoms.
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